The human Y chromosome is responsible for the determination of maleness through the action of the sex-determining gene SRY, which initiates the differentiation of the testis early in development [13] . Other genes specific to the Y chromosome are subsequently necessary for males to produce adequate numbers of reproductively proficient sperm, and therefore to be fertile. SRY lies on the short arm of the Y chromosome (Yp) just proximal to the pseudoautosomal region, in which an obligate homologous recombination event occurs during male meiosis between the X and Y chromosomes [14] . Occasionally this recombination event occurs ectopically, resulting in the translocation of extra Y-chromosomal material, including SRY, to the X chromosome. Such translocations give rise to XX males and their reciprocals, XY females: individuals whose karyotypes are discordant with their sex phenotypes. Translocation XX males lack the Y-specific genes necessary for the formation of active sperm and so are completely infertile. The commonest class of XX males, with a frequency of about 1 in 80,000 in the population, results from a recombination between the homologous genes PRKX on the short arm of the X chromosome (Xp) and PRKY on Yp; the reciprocal translocation accounts for one-third of translocation XY females, although these are rare [15] .
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The mapping of deleted Y chromosomes [16, 17] had suggested an inversion polymorphism on Yp within the European population, and this has been confirmed in normal Y chromosomes using fluorescence in situ hybridisation (FISH) [18] . As the PRKY gene lies within this inversion (our unpublished observations), we hypothesised that PRKX/PRKY translocations might preferentially take place when the PRKY gene lies in one particular orientation and can, therefore, align with PRKX. If this were so, it would be expected that haplotypes associated with the susceptible orientation would be found preferentially in PRKX/PRKY translocation XX males and XY females. We therefore investigated the Y chromosome haplotypes in PRKX/PRKY translocation individuals of European origin and compared them with the haplotypes found in randomly chosen individuals from the European population.
A wide variety of polymorphic markers is now available to define Y chromosome haplotypes [3] , but for the purposes of this study, our choice of markers was limited by two criteria. Firstly, because our sample of translocation individuals were of European origin, we required markers that were usefully polymorphic in Europe. Secondly, because most of the translocation individuals were XX males, and for most of these their fathers' DNAs were unavailable, we preferred markers that lay in the translocated segment of the Y chromosome -the distal ~7 megabases (Mb) of Y-specific material. Three markers fitted the first criterion: the hypervariable minisatellite MSY1 [19] and the two biallelic base-substitutional markers DYS257 [6] (substitutions occurring between G and A) and 92R7 [20] (substitutions occurring between C and T). The first two of these markers also fitted the second criterion.
We first examined the haplotypes identified by these markers in normal European Y chromosomes. The minisatellite MSY1 consists of an array of around 50-115 repeat units of 25 base pairs which vary in sequence, and the positions of which can be mapped along the array by PCR to provide 'MSY1 codes' [19] . The different repeat types, the most common of which are designated types 1, 3 and 4, are arranged in blocks within the array, and the order of these blocks is described as the 'modular structure' of an array; more than 50 such structures are known [19, 21] . Of the 81 chromosomes examined, 53 had MSY1 codes with the same, simple, modular structure (a 5′ block of type 1 repeats, a central block of type 3 repeats, and a 3′ block of type 4 repeats), here denoted 'MSY1 class 1' (Table 1) . There is strong association between MSY1 class 1, the DYS257 A allele and the 92R7 T allele. Between the two biallelic markers the association is complete: 54 of the 81 chromosomes were DYS257(A) 92R7(T) -'A/T' -and the remaining 27 were DYS257(G) 92R7(C) -'G/C'. Of the 54 A/T chromosomes, 53 belonged to MSY1 class 1, whereas all of the G/C chromosomes belonged to other MSY1 modular structural classes. Thus, the majority (80/81) of our sample of European Y chromosomes fell into two broad categories: 'class 1/A/T' (about two-thirds) and 'non-class 1/G/C' (about one-third).
We next assembled a collection of 32 DNA samples representing 29 independent Y chromosomes that had undergone PRKX/PRKY translocations and three paternal Y chromosomes. We then asked to which of the two haplotypic classes they belonged. In this set, only the three parental Y chromosomes (from the fathers of two XX males and one XY female) were complete and could be tested with all three markers. A further 24 Y samples (from XX males) could be examined with DYS257 and MSY1 but not with 92R7. The remaining five samples (from XY females) lacked the distal ~7 Mb of Y-specific material and so could be analysed with 92R7 but not with DYS257 or MSY1. The three markers were tested, where possible, on the 32 DNA samples. PRKX/PRKY translocation chromosomes were found to have predominantly (27/29) the less common non-class 1/G/C haplotype (Table 1) , with highly significant associations for all three markers. (Because there is a strong association between the three markers, these tests are not, of course, independent.) In the investigation of the Yp inversion polymorphism in normal chromosomes by FISH [18] described above, only three chromosomes were analysed. One chromosome had the class 1/A/T haplotype, and the other two -with the opposite orientation -had the non-class 1/G/C haplotype. Thus, although the sample size is too small to provide statistical significance, the orientation of the PRKY gene also appears to correlate with the two broad categories of European chromosomes. the inversion may have taken place after the mutations defining the class 1/A/T haplotype, so that a few class 1/A/T chromosomes still had the same orientation of PRKY as the non-class 1/G/C chromosomes; or the inversion may have reverted. Determining the orientation of the inversion in a greater number of chromosomes would allow us to test these hypotheses and the proposed mechanism for the bias.
The bias towards non-class 1/G/C chromosomes among the translocation individuals is clear whatever its mechanism and this bias will lead to a selective advantage of class 1/A/T chromosomes relative to the susceptible non-class 1/G/C chromosomes in the population. Because the translocation individuals are entirely sterile, we can estimate the selective advantage of the class 1/A/T chromosomes from the frequency of PRKX/PRKY translocation XX males in the population (1 in 80,000) and the proportion of non-class 1/G/C translocations (27/29): this selective advantage is approximately 1 in 90,000. If the product of selective advantage (s) and effective population size (N e ) is less than or equal to one, alleles are considered neutral [22] . The value of N e for the Y chromosome has been estimated at approximately 5,000 [23] (with considerable uncertainty -see [24] ), so N e s is approximately 0.06 and selection, although acting, is unlikely to have been responsible for the rise in frequency of class 1/A/T chromosomes in the population because it would have been overwhelmed by stochastic or other selective events. This estimate of N e , though, is assumed to reflect the small size of the population over evolutionary history. The population is currently much larger and N e , estimated from the census size and the proportion of reproductively active individuals [25] , may be as high as 10 8 -10 9 for males. If so, N e s would be 10 3 -10 4 . Consequently, the small selective difference may no longer be overwhelmed by random factors and selection may therefore be effective. Nevertheless, the loss of the susceptible haplotype in response to this selective force will be slow. In conclusion, this work shows that selective differences between Y haplotypes can be detected and also provides a model for studies that may show larger selective advantages.
Materials and methods

Patients
The XX males studied were CHM347, WHT1856, WHT2127, GA/WHT1123, RH/WHT1209 and LGL105 [15] ; RA and ED (K.S. and G.A.R., unpublished observations); JM, AG, TA, WB and DR [16, 26] ; KM1, KM6, KM7, KM8, KM10, KM13 and KM15 (K.M., unpublished observations); and Kru, Mcb, Cha, Wla and Cri (M.A.J., unpublished observations). The fathers were those of JM and AG. The XY females were WHT745, WHT1615, WHT1327 and #651 [15] and AM [26] . The father was that of AM. These patients, and the normal males used as controls, were of western European origin.
Scoring of polymorphisms
DYS257 and MSY1 were scored as described [6, 19] . 92R7 [20] was scored in most samples by PCR followed by HindIII digestion (M.E. Hurles, F.R. Santos and C.T-S., unpublished observations).
